
Central object of investigation: the proton 
transverse internal structure, that is the 

quark transverse spin and transverse motion 
(with respect to the direction of motion)    

Why transverse? How?

Single Spin Asymmetries

Transverse Momentum       
Dependent distribution and 
fragmentation functions (TMDs)

Combining all together and learning…

Mauro Anselmino: The transverse spin structure of the nucleon - I
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How and what do we know about the 
longitudinal proton structure?  
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Naive parton model:



Again, both sides of Eq. (32) are vanishing in the large Q2 limit. The l.h.s. is
of order xM/Q, as shown in Eq. (17) (with α = π/2), and the r.h.s. requires
helicity-flip amplitudes, which suppress it.

Thus, the transversity distributions decouple from DIS processes and there is no
analogue of Eq. (24) for them: no measurable structure function can be expressed
in terms of ∆T q(x, Q2). What can be computed is, instead, the pQCD Q2 evolution
of hq

1, that is the analogue of Eq. (26). Transversity does not couple with the gluon
distribution, as there cannot be a massless transversely polarized gluon, and the Q2

evolution of hq
1 is in general simpler than that of ∆q(x, Q2) [1]. This implies that,

even assuming at a certain initial scale hq
1(x, Q2

0) = ∆q(x, Q2
0), the two distributions

will evolve to be greatly different at larger Q2 values.
Another way – which also suggests viable alternative approaches – of understand-

ing why inclusive polarized DIS cannot give access to transversity distributions, is
that of looking at the hadronic tensor W µν as related to the total cross section for
the γ∗N → X process, i.e., via the optical theorem, to the imaginary part of the
amplitude for the forward scattering of virtual photons on nucleons. Within the par-
tons model (that is, assuming that the virtual photon scatters incoherently off the
quarks) this leads to the representation of W µν by the so-called handbag diagram,
shown in Fig. 2.
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Figure 2: The handbag diagram representation of the hadronic tensor W µν . The
scattered quark k′ is on its mass shell.

The exact analytical expression of W µν , as given by the handbag diagram can be
found, for example, in Ref. [1]. The lower part of Fig. 2 is the so-called quark-quark
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handbag diagram

= imaginary part of forward scattering amplitude
Total cross section for process γ∗p→ X



correlation function (which is actually a matrix in Dirac spinor space), defined as:

Φij(k; P, S) =
∑

X

∫ d3P X

(2π)3 2EX
(2π)4 δ4(P − k − PX)〈PS|Ψj(0)|X〉〈X|Ψi(0)|PS〉

=
∫

d4 ξ eik·ξ〈PS|Ψj(0)Ψ(ξ)|PS〉 (33)

where Ψ is the quark field and i, j are Dirac indices. The second line follows from
translational invariance and the completeness of the |X〉 states. The correlation
matrix essentially shows the product of the amplitude for the P → q X process
(〈X|Ψi(0)|PS〉) times its complex conjugate, thus revealing the probabilistic nature
of the parton model.
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Figure 3: The handbag representation of the helicity distribution (first line) and the
transversity distribution (second line). The diagram in the third line corresponds to
the transversity distribution, when expressed in the helicity basis.

One has then the simple pictorial representation for the helicity and transversity
distributions given in Fig. 3. The first line represents the helicity distribution q+

+−q+
−

while the second line gives the transversity distribution q↑↑ − q↑↓ . The special nature
of the latter is clear if we express the | ↑, ↓〉 states in terms of helicity states:

| ↑, ↓〉 =
1√
2
(|+〉± i|−〉) . (34)

In this basis the transversity distribution is represented by the third line in Fig. 3.
hq

1 is thus related to the matrix element of quark fields between proton states with
opposite helicities; this requires a quark helicity flip, which, as we know, is suppressed
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Longitudinally polarized DIS gives information on the 
helicity distributions of quarks (and, indirectly, of gluons)



dσ!p→!X

dx dQ2
=

∑

q

e2
q q(x, Q2)
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DIS− pQCD : q(x) ⇒ q(x, Q2)

QCD interactions induce a well known Q2 dependence

factorization:

universality: same q(x,Q2) measured in DIS can be used in 
other processes 

Q2

....



essentially x and Q2 degrees of freedom …. 



spin-k┴     correlations? orbiting quarks?

Transverse Momentum Dependent 
distribution functions 

Space dependent 
distribution functions 

?

The transverse structure is much more 
interesting and less studied  



The mother of all functions 
M. Diehl, Trento workshop, June 07  

TMD’s

GPD’s
Wigner 
function (Belitsky, Ji, Yuan)



∆T q(x) = q↑↑(x)− q↑↓(x)

∆T q also denoted as h1q or δq

∆T q = ∆q only for a proton at rest

Transversity distribution

q(x, Q2), ∆q(x, Q2) and ∆T q(x, Q2)
are all fundamental, and different, leading-twist quark 

distributions, equally important 

– –



Φ(x, S) =
1
2

[
f1(x) /n+ + SL g1L(x) γ5 /n+ + h1T iσµνγ5nµ

+Sν
T

]

The correlator

at leading twist, in collinear configuration:
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Fig. 1. – The handbag diagram for DIS. At leading QED order, the interaction between the
lepton (not shown) and the nucleon is mediated by the exchange of a virtual photon. Thus, the
DIS cross section is just the total cross section for the γ∗N → X process, which, by the optical
theorem, is related to the forward scattering amplitude. In the parton model, at leading QCD
order, the virtual photon scatters off a single quark in the nucleon, as represented in the figure.
The lower blob is thus the matrix element between the nucleon initial and final states of two
quark fields, one ”extracted from” and the other ”replaced into” the nucleon. It is a matrix in
the Dirac spinor space.

and it shows the chiral-odd nature of transversity, as it relates quarks with opposite
helicities. It is then clear why h1 cannot be measured in DIS: the bottom blob of fig. 2
cannot be inserted in the handbag diagram of fig. 1, as the QED (and QCD) interactions
conserve helicity and there is no way, by photon or gluon couplings, of flipping the helicity
of massles quarks.

A measurement of transversity requires a process in which h1 couples to another
chiral-odd function. Several suggestions have been discussed in the literature. At the
moment the most practicable way appears via SIDIS processes [7], in which h1 couples
to a chiral-odd fragmentation function, the Collins fragmentation function, as depicted
in fig. 3. In principle, the cleanest and most direct way should be via the measurement
of the double transverse spin asymmetry ATT in Drell-Yan processes, which couples two
transversity distributions (see fig. 4), as discussed in Section 5.

So far we have only considered collinear partonic configurations, in which the rele-
vant degrees of freedom, describing the nucleon structure, are the parton longitudinal
momentum fraction x and the helicities. Yet, it is already clear that the spin transverse
degree of freedom is at least as interesting, but much less known. It will be much more
so when also the intrinsic transverse motions of partons, k⊥, in addition to x, will be
considered. Which requires a detour into the issue of SSA.

3. – The (problem of) transverse Single Spin Asymmetries

Let us consider a 2 into 2 physical process, like AB → C D, in the center of mass
reference frame, A(p) + B(−p) → C(p′) + D(−p′), like in fig. 5. We wonder whether
or not the cross section for such a process can depend on the spin polarization S of one
particle only, say A; particle B is not polarized and the polarization of the final particles

q Δq ΔTq
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∑

X

∫
d3P X

(2π)3 2EX
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where Ψ is the quark field and i, j are Dirac indices. The second line follows from
translational invariance and the completeness of the |X〉 states. The correlation
matrix essentially shows the product of the amplitude for the P → q X process
(〈X|Ψi(0)|PS〉) times its complex conjugate, thus revealing the probabilistic nature
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One has then the simple pictorial representation for the helicity and transversity
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In this basis the transversity distribution is represented by the third line in Fig. 3.
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Does transversally polarized DIS give information on the 
transversity distributions of quarks? No!

in helicity basis:



QED and QCD interations 
(and SM weak interactions) 

conserve helicity:              
h1 decouples from DIS 

no h1 in DIS

ūλq
(q) γ · · · γ u

λ′q
(q′) ∝ δ

λq,λ′q
+ O

(
mq

Eq

)
δ

λq,−λ′q

odd numbers of 
gamma matrices

+

+ –

–

+ –



by a factor mq/Eq. In the large energy limit, or with massless quarks, the handbag
diagram of Fig. 1, even dressing it up with gluon exchanges, could never provide
a change in the quark helicity. Hence, the unfortunate decoupling of transversity
from inclusive DIS processes.

Transversity – involving helicity flips – is a chiral-odd quantity, essentially dif-
ferent, for its own nature, from the helicity distribution. The third line of Fig. 3
also clearly shows why gluons cannot contribute to transversity: there is no way in
which emission and re-absorption of a ±1 helicity particle can change the nucleon
helicity by 1 unit only.

4.1 How could we measure transversity?

After the above discussion it is clear that, in order to measure the transversity
distribution, one should couple it to another chiral-odd function. The handbag dia-
gram, which shows the impossibility of exploiting inclusive DIS processes to obtain
information on hq

1, suggests the way. One should replace the quark ”handle” (related
to the final, unobserved, free quark) with a physical process which allows helicity
flips.

This could be done in two different ways. The most natural one, which was
the original suggestion of Refs. [14], is simply that of coupling two transversity
distributions, and this can be done in Drell-Yan processes, as depicted in Fig. 4. A
second possibility, proposed only more recently, is that of looking for helicity flips
in the non-perturbative fragmentation of the scattered quark, i.e. that of coupling
hq

1 to a chiral-odd fragmentation function in semi-inclusive DIS processes (SIDIS),
like ! N → ! h X or ! N → ! h1 h2 X, Fig. 5. All this will be discussed at length in
the next Sections.

hq
1

hq
1

− +

−+

−

+

+

−

Figure 4: The combination of two transversity distributions in polarized Drell-Yan
processes.
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p p→ !+!−, π p→ !+!−, p p̄→ !+!−
Possible access to transversity: Drell-Yan processes 
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h
q
1

chiral − odd F.F.

Figure 5: Coupling of the transversity distribution with a chiral-odd fragmentation
function in polarized SIDIS. The same could be done in p p scattering, with one
proton transversely polarized; in this case the virtual photon is replaced by a virtual
gluon, from the unpolarized proton.

4.2 What do we (theoretically) know about transversity?

Before discussing the experimental strategies in order to access and measure
the unexplored transversity distributions and the related chiral-odd fragmentation
functions, it is worth considering what we know or expect about hq

1. How big
should/could we expect it to be?

There is a simple answer to this question, due to the existence of an inequality,
essentially a positivity bound, which constrains the magnitude of hq

1(x, Q2), first
pointed out by Soffer [12] and subsequently generalized to other distributions [13]:

|hq
1(x)| ≤

1

2
[q(x) − ∆q(x)] = q+

+(x) . (35)

Such a bound is derived within the handbag parton model, and it is more re-
strictive than the other obvious positivity bound, |hq

1(x)| ≤ q(x). It has been shown
to be preserved by QCD evolution [15, 1], and it might be helpful in modeling the
transversity distributions.

Another, although Q2 dependent, constraint on hq
1 – or rather an important test

of non-perturbative QCD – could come from the tensor charge, defined as

∫ 1

0
dx [∆T q(x, Q2) − ∆T q̄(x, Q2)] . (36)
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! p→ ! hXSIDIS,



∫ 1
0 dx

[
h1q(x, Q2)− h1q̄(x, Q2)

]

Q2 = 25 GeV2 
Q0

2 = 0.23 GeV2

 V. Barone, T. Calarco, A. Drago

No gluon contribution to 
h1, simple Q2 evolution 

What do we know 
about transversity? 

Soffer 
bound

tensor charge from lattice

+ –

+1 –1

∆λ = 1

∆λg = 2



(The problem of) Single Spin Asymmetries

What are SSA? 

SSA in QED and QCD, helicity conservation

SSA at hadronic level, experiments   

Transverse SSA related to intrinsic partonic 
motion, new spin effects in distribution and 

fragmentation functions ….   



AN ≡ dσ↑ − dσ↓

dσ↑ + dσ↓ ∝ S · (p× P T ) ∝ sin θ

p p→ p p

AN ∝ Im
[
Φ5 (Φ1 + Φ2 + Φ3 − Φ4)

∗]

H++;++ ≡ Φ1

H−−;++ ≡ Φ2

H+−;+− ≡ Φ3

H−+;+− ≡ Φ4

H−+;++ ≡ Φ5

5 independent helicity amplitudes

S

p

p'

– p
PTθ

– p'

z

y
x

Example:

Transverse single spin asymmetries in elastic scattering



AN ≡ dσ↑ − dσ↓

dσ↑ + dσ↓ ∝ S · (p× P T ) ∝ PT sin(ΦS − Φ)

S

p

p'

– p
PTθ

– p'
z

y

xΦS Φ

for a generic configuration:

AN is zero for longitudinal spin 



AN ∝ mq

Eq
αs at quark level 

but large SSA observed at hadron level!

–+

++

x

+

++

+

O
(

mq

Eq

)
QED and QCD interactions conserve helicity, up to corrections 

q q′ → q q′Single spin asymmetries at partonic level. Example:

needs helicity flip + relative phaseAN != 0



AN = simple left-right asymmetry

S

p – p
PT z

y
x

X – PT

p↑p→ π XSSA in inclusive processes:  



dσ =
∑

a,b,c,d=q,q̄,g

fa/p(xa)⊗ fb/p(xb)⊗ dσ̂ab→cd ⊗Dπ/c(z)

PDF FF 
pQCD elementary 

interactions

p p→ π0 XCross section for in pQCD

based on factorization theorem 
(in collinear configuration)

a
b

c
X

X

σ̂



exact formula (LO)

partonic distributions and 
fragmentation functions: from DIS,

e+e-,... data, evolved at the Q2 of 
interest, Q2 ≈ pT

fa/A(xa, Q2), fa/A(xa, Q2)
DC/c(z, Q2)

dσ̂ab→cd
elementary partonic interactions, pQCD

ŝ, t̂, û Mandelstam variables of elementary process

EC dσAB→CX

d3pC

=
∑

a,b,c,d

∫
dxa dxb dz fa/A(xa, Q2) fb/B(xb, Q

2)

× ŝ

πz2

dσ̂ab→cd

dt̂
(ŝ, t̂, û, xa, xb) δ(ŝ + t̂ + û) DC/c(z, Q2)

=
∑

a,b,c,d

∫
dxa dxb fa/A(xa, Q2) fb/B(xb, Q

2)

× 1
πz

dσ̂ab→cd

dt̂
(ŝ, t̂, û, xa, xb) DC/c(z, Q2)



 PHENIX data on 
unpolarized cross 

section 

p p→ π XRHIC,

it works very well 
at high energies!
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FIG. 3: Top) Comparison of invariant cross sections for π−, K+, p̄ and p at y=2.95 and NLO calculations with factorization
and renormalization scales set equal to pT . The mKKP set of fragmentation functions (solid red line on-line) produce the best
agreement with the π− and K+ data. The p and p̄ are compared with the calculation using the AKK set divided by 2 (dashed
red line in on-line version), see text for details. Bottom) Relative differences between data and calculations. The top smooth
curves show the effect of setting µ = 2pT and the bottom curves µ = 1/2pT . For the baryons the (red) filled triangles show p
data vs the AKK/2 set.

momentum but deteriorates at higher momenta.
An updated version of FFs that we refer to as the

“Albino, Kniehl and Kramer” (AKK) set has been ex-
tracted from more data made available recently [23]. It
reproduces well the p + p̄ distributions measured at mid-
rapidity by the STAR collaboration [24]. At high rapid-
ity, the contribution from gluons fragmenting into p or p̄
is dominant in this new set of FFs (≥ 80% for pT < 5
GeV/c [18]), and the calculated cross sections for both
particles consequently have nearly the same magnitude.
We thus compare the measured cross sections for p and
p̄ to the NLO calculation using the AKK FFs divided by
2 in the right-most panel of Fig. 3. The calculation is
close to the measured p cross section but it is almost an
order of magnitude higher than the measured p̄ distribu-
tion. We conclude that the AKK FFs cannot be used to
describe baryon yields at high rapidity because they fail
to reproduce the measured abundance of p̄ with respect
to p. We have ruled out the use of the standard KKP
FFs because they produce p + p̄ cross sections that are
smaller by a factor of ∼ 10 compared to the measurement
(not shown).

In summary, unbiased invariant cross sections of identi-

fied charged particles as function of pT were measured at
high rapidity in p+p collisions at

√
s = 200 GeV. NLO

pQCD calculations reproduce reasonably well the pro-
duced particle (pions and kaons) distributions but p and
p̄ cannot simultaneously be described well by any of the
available FFs. These results may show a limitation of
the factorized description of p+p cross sections, perhaps
because it does not include the effects of baryon number
transport that, as the data suggest, may extend to high
pT . These measurements bring additional insight into
the hadron-hadron interaction and its description in the
context of QCD; they are as well instrumental in con-
straining phenomenological descriptions of that system.

We thank Werner Vogelsang for providing us with the
NLO pQCD calculations shown in this letter as well as
many fruitful discussions during the preparation of this
manuscript. This work was supported by the Office of
Nuclear Physics of the U.S. Department of Energy, the
Danish Natural Science Research Council, the Research
Council of Norway, the Polish State Committee for Sci-
entific Research (KBN) and the Romanian Ministry of
Research.

Phys. Rev. Lett. 98, 252001 (2007) 

BRAHMS, proton-proton at 200 GeV 



good pQCD description of data at 200 GeV, at all 
rapidities, down to pT of 1-2 GeV/c 

Polarization-averaged cross sections at √s=200 GeV
(talk of C. Aidala at Transversity 2008, May 2008, Ferrara)



C. Aidala talk, data points from 
arXiv:0801.4555

rather good agreement 
with theory 

√s=62.4 GeV
midrapidity pions



√s=62.4 GeV 
forward pions

still good agreement with data, in disagreement 
with earlier analysis of ISR π0 data at 53 GeV.



√s=62.4 GeV
forward kaons

K+ fine, problems with K–



dσ↑ − dσ↓ =
∑

a,b,c,d=q,q̄,g

∆T fa ⊗ fb ⊗ [dσ̂↑ − dσ̂↓]⊗Dπ/c

AN ∝ âN ∝ mq

Eq
αs

FF pQCD elementary 
SSAtransversity 

was considered 
almost a theorem 

SSA?

a
b

c
X

X

σ̂



p↑p→ π X

p̄↑p→ π X

BNL-AGS  √s = 6.6 GeV 
0.6 < pT < 1.2  

E704  √s = 20 GeV    
0.7 < pT < 2.0   

E704  √s = 20 GeV 
0.7 < pT < 2.0   

experimental 
data on SSA

observed transverse Single 
Spin Asymmetries 



E704

BNL, ANL, Fermilab, Serpukhov

also: ! Polarization

" L

R

E704  √s = 20 GeV    0.7 < pT < 2.0   



and AN stays at high energies ….

STAR-RHIC  √s = 200 GeV    1.2 < pT < 2.8   
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FIG. 1: pT vs. xF for the data used in the SSA analysis.
The dotted boxes are for the measurements from FS at 6◦,
the filled boxes are from FS at 2.3◦ and the empty boxes with
solid line are from 3◦. Data from FS at 2.3◦ and 3◦ are used
in combination for kaons and protons. The size of the boxes
represents the relative intensity of the data in logarithmic
scale. The 5 bands marked as (a)-(e) are the pT ranges used
in the Fig. 3.

ton distribution functions and fragmentation processes.
We present here the first measurement of xF -dependent
SSAs of identified charged hadrons, π±, K±, and pro-
tons, from transversely polarized proton-proton collisions
at 62.4 GeV at RHIC.

The SSA is defined as a “left-right” asymmetry of pro-
duced particles from the hadronic scattering of trans-
versely polarized protons by unpolarized protons. Ex-
perimentally the asymmetry can be obtained by flipping
the spins of polarized protons, and is customarily defined
as analyzing power AN :

AN =
1

P
(N+ − LN−)

(N+ + LN−)
, (1)

where P is polarization of the beam, L is the spin de-
pendent relative luminosity (L = L+/L−) and N+(−)

is the number of detected particles with beam spin vec-
tor oriented up (down). Since both colliding beams are
polarized at RHIC, the polarization of “target” protons
is averaged over in Eq. 1. The systematic error on the
AN measurements is estimated to be 10% including un-
certainties from the beam polarization, δP/P ∼ 7.2% for
the “Blue” beam (circulating clockwise) and 9.3% for the
“Yellow” beam (circulating counter-clockwise). The po-
larization of the Blue (Yellow) beam is utilized for the
AN measurements of particles in positive (negative) xF .
The systematic error represents mainly scaling uncertain-
ties on the values of AN . The average polarization of the
beam P measured by the Hydrogen Jet and pC polarime-
ters is about 50% for the Blue and Yellow beams [17].

The data presented here were collected by the
BRAHMS detector system [18] with polarized p + p col-
lisions from RHIC with a sampled integrated luminosity
of 0.21 pb−1 at

√
s = 62.4 GeV. The relative luminosity

(L) between the sums of spin-up and spin-down bunches
was measured with a set of Cherenkov radiators placed
symmetrically with respect to the nominal interaction
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FIG. 2: AN vs. xF for π+ and π−. Circle symbols are for
π+ and box symbols are for π− measured in FS at 2.3◦ (solid
symbols) and 3◦ (open symbols). The curves are from the-
oretical calculations. Solid lines are to be compared with
the data at 2.3◦ and dotted lines are for 3◦. Thick (solid
and dotted) lines are from the initial-state Twist-3 calcula-
tions [21, 23], medium lines are from the final-state Twist-3
calculations [24, 25]. Predictions from the Sivers function
calculations are shown as thin lines [26, 27]. Only statistical
errors are shown where larger than symbols.

point [14]. The detectors cover the pseudo-rapidity (η)
interval from 3.26 < |η| < 5.25, and are measured from
Vernier scans to be sensitive to ∼33% of the total inelas-
tic cross-section of 36 mb at 62.4 GeV. The uncertainty
of determining the relative luminosities is estimated to
be 0.3%. The Forward Spectrometer (FS) measures
charged particle tracks in the forward kinematic region
(θ = 2.3◦ − 15◦) with good momentum resolution and
particle identification. The momentum (p) resolution of
the FS is δp/p ≈ 0.0016p for the half field setting where p
is in GeV/c. Particle identification was done by utilizing
the Ring Image Cherenkov Detector (RICH) [19] detec-
tor which is capable of identifying pions and kaons up
to p ∼ 35 GeV/c and protons above 17 GeV/c with an
efficiency of ∼97% and a negligible (!0.5%) probability
of misidentification in the measured kinematic range (p
< 20 GeV/c). The kinematic coverages of the data taken
with the FS at 2.3◦, 3◦ and 6◦ as a function of pT and xF

are shown in Fig. 1, where the narrow pT -xF correlated
band at a given setting is due to the small aperture of the
spectrometer. A detailed description of the spectrometer
and other experimental details can be found in [18].

The analyzing power AN for charged pions, AN (π+)
and AN (π−) at

√
s = 62.4 GeV as a function of xF is

shown in Fig. 2 for the two FS angle settings, 2.3◦ and
3◦. At a fixed xF value, the 3◦ setting samples higher pT

pions as indicated in Fig. 1. The mean pT values 〈pT 〉 at
xF =0.55 are 1.08 and 1.28 GeV/c at 2.3◦ and at 3◦, re-
spectively [20]. The measured AN values show strong de-
pendence in xF reaching large asymmetries up to ∼40%
at xF ∼ 0.6 and no significant asymmetries at −xF . The
decrease of AN at high-pT ( "1 GeV/c) and high-xF ,
especially for π+, as shown in Fig. 2 by comparing the
two sets of measurements at 2.3◦ and at 3◦ might indi-
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FIG. 3: AN vs. xF for π+ and π− for positive xF at fixed pT values: (a)0.4 < pT < 0.5, (b)0.5 < pT < 0.6, (c)0.6 < pT < 0.8,
(d)0.8 < pT < 1.0, and (e)1.0 < pT < 1.2 GeV/c as shown in Fig. 1, respectively.

cate that AN is in accordance with the expected power-
suppressed nature of AN [21]. The asymmetries and their
xF -dependence are qualitatively in agreement with the
measurements from E704 at

√
s = 19.3 GeV and also

most recent AN (π0) measurements at RHIC
√

s = 200
GeV [3, 13]. Figure 2 also compares AN (π) with a pQCD
calculation in the range of pT > 1 GeV/c using “ex-
tended” twist-3 parton distributions [10] including the
“non-derivative” contributions [21, 22, 23]. In this frame-
work, results of two calculations from the model are com-
pared with the data. One is with only two quark va-
lence densities (uv,dv) in the ansatz, which is shown in
Fig. 2. The second with additional sea- and anti- quark
contributions in the model fit slightly increases AN (π)
(∼5%). As the calculations show, the dominant contri-
bution to SSA is from valence quarks with contributions
from sea- and anti- quarks small enough that the cur-
rent measurements are not able to quantitatively con-
strain the contribution. The calculations, which were
done in the same kinematic range as the data, describe
the data, especially AN (π−) within the uncertainties.
AN (π) calculated from the “final-state twist-3”[24] which
uses the twist-3 fragmentation function (FF) for the pion
clearly under-predicts AN (π−) while is in a reasonable
agreement within uncertainties for AN (π+). In Fig. 2,
the data are also compared with calculations including
Sivers mechanism which successfully describe the E704
AN data using valence-like Sivers functions [26, 27] for u
and d quarks with opposite sign. The FFs used are from
the KKP parameterization [28], but the Kretzer FF [29]
gives similar results. The calculations underestimate AN ,
which indicates that TMD parton distributions are not
sufficient to describe the SSA data at this energy. As very
recent studies [30] suggest, Collins mechanism might also
be needed to account fully for the observed asymmetries.
All AN (π) calculations compared with the data shows
|AN (π+)| ∼ |AN (π−)| while the data exhibit |AN (π+)|
< |AN (π−)| where pT ! 1 GeV/c. Since there is a strong
kinematic correlation between xF and pT in the data as
shown in Fig. 1, the rise of AN in Fig. 2 can be also
driven by pT .

Figure 3 shows AN (π+) and AN (π−) for 5 different pT
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FIG. 4: AN(K+) and AN(K−) vs. xF . Circle symbols are for
K+ and box symbols are for K−. The solid (K+) and dotted
(K−) lines are from the initial-state twist-3 calculations with
(thick lines) and without (medium lines) sea- and anti-quark
contribution. Calculations for the Sivers function are shown
as thin lines. Errors are statistical only.

regions from 0.4 to 1.2 GeV/c. As seen in Fig. 3, the
xF dependence of AN at low-pT (pT " 0.5 GeV/c) is
very small but increases with pT in the kinematic region
at least up to pT∼1 GeV/c. The pT -dependence of ana-
lyzing powers with xF is qualitatively consistent with the
measurements at

√
s = 19.3 GeV, where strong xF depen-

dent SSAs is observed only above a pT “threshold” (" 0.7
GeV/c) [3]. It is noted that the trend is also qualitatively
in agreement with the polarization of the Λs produced at
the same collision energy,

√
s = 62 GeV [5]. The SSAs

for charged kaons as a function of xF are shown in Fig. 4
together with twist-3 and Sivers calculations (see the fig-
ure caption for details). The asymmetry for K+(us̄) is
positive as is the AN of π+(ud̄), which is expected if the
asymmetry is mainly carried by valence quarks, but the
measured positive SSAs of K−(ūs) seem to contradict
the näive expectations [31] of valence quark dominance.
In a valence-like model (no Sivers effect from sea-quarks
and/or gluons), non-zero positive AN (K−) implies large

non-leading FFs (DK
−

u , DK
−

d
) and insignificant contri-

bution from strange quarks. Twist-3 calculations using
Kretzer FF also under-predict AN (K−) due to the small

pion and Kaon 
SSA, 

measured by 
BRAHMS 

at √s = 62.4 
GeV

PRL 101, 042001 (2008)

and data keep 
coming ...
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FIG. 5: AN vs. xF of the proton.

contribution of sea and strange-quark contribution to AN

in the model. Notably the un-polarized cross-section for
K+ is an order of magnitude higher than for K− [16].
The current calculations for kaon asymmetries need an
extra or a different mechanism to account for positive
AN (K−) at similar level of AN (K+) as shown in Fig. 4.
If the asymmetries of K− is mainly driven by pQCD
effects, the discrepancies between data and calculations
are expected to be reduced once the Sivers function is
better understood for sea-quarks and also FFs especially
the unfavored FFs. Likewise possible non-negligible con-
tributions from the Collins mechanism, as recently re-
ported [32, 33], may need to be explored further.

SSAs at xF < 0 probe the kinematics of the sea (gluon)
region of p↑ at small-x and the valence region of p, which
was experimentally measured by the produced particles
in the forward hemisphere of p in the p+p↑ collisions uti-
lizing the polarization information of the “target”. The
measured insignificant AN for pions and kaons in large
|xF | when xF < 0 indicates no significant contribution to
AN from processes where gq scattering is enhanced, and

the asymmetries are dominated by the processes where
large quark PDFs and FFs are expected. In Fig. 5, we
demonstrate that inclusive protons show no significant
asymmetries in contrast to pions and kaons in the for-
ward kinematic region. The insignificant asymmetries
observed are consistent with the measurements at lower
energies [2, 34], but require more understanding of their
production mechanism to theoretically describe the be-
havior because a significant fraction of the protons might
still be related to the polarized beam fragments at this
kinematic range [14].

In summary, BRAHMS has measured SSAs for inclu-
sive identified charged hadron production at forward ra-
pidities in p↑+p at

√
s = 62.4 GeV. A twist-3 pQCD

model describes the xF dependence of AN (π) and the
energy dependence at high-pT (pT > 1 GeV/c) where
the calculations are applicable, but it remains a chal-
lenge for pQCD models to consistently describe spin-
averaged cross-sections at this energy [15, 16]. Measure-
ments of AN for kaons and protons suggest the possi-
ble manifestation of non-pQCD phenomena and call for
more theoretical modeling with improved understanding
of the fragmentation processes. The energy and flavor
dependent asymmetry measurements impose an impor-
tant constraint on theoretical models describing funda-
mental mechanisms of transverse spin asymmetries and
the Quantum Chromodynamical description of hadronic
structure.
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AN xF-pT dependence at √s = 62.4 GeV

AN ≈ 0 
for 

proton



AN xF-dependence in pT slices, √s = 200 GeV
(C. Aidala talk at Transversity 2008)



Unifying 62.4 and 200 GeV, BRAHMS + E704 
(C. Aidala talk at transversity 2008, Ferrara)



Unifying 62.4 and 200 GeV, BRAHMS + E704 
(C. Aidala talk at transversity 2008, Ferrara)

E704 data – all pT (small stars); pT>0.7 GeV/c (large stars)



AN ∝ S · (p× P T ) ∝ PT sin(Φπ − ΦS) γ∗ − p c.m. frame

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓

Transverse single spin 
asymmetries in SIDIS, 

experimentally observed

in collinear configurations there cannot be (at LO) any PT 

z

y

xΦS
Φπ

X

p

S

PT

γ∗p→ h X

γ*



2〈sin(Φ− ΦS)〉 = Asin(Φ−ΦS)
UT

≡

∫
dΦ dΦS (dσ↑ − dσ↓) sin(Φ− ΦS)

∫
dΦ dΦS (dσ↑ + dσ↓)



New kaon 
data, large  K+ 

asymmetry!



p N → Λ↑ X

Transverse Λ polarization in unpolarized p-Be 
scattering at Fermilab



p↑p→ p p
p↑p↑ → p p



And now ....... ?

   Polarization data has often been the 
    graveyard of fashionable theories. 
  If theorists had their way, they might              
 just ban such measurements altogether
                out of self-protection.

J.D. Bjorken
St. Croix, 1987 


